P rocessing of optoelectronic devices from solutions of colloidal nanocrystals (NCs) is emerging as a powerful alternative to conventional methods of thin film deposition requiring high-vacuum and high-temperature conditions. In addition to bulk material properties, inorganic NCs offer a range of unique characteristics arising from their nanoscale dimensions, which enable continuous tuning of NC energy levels, as well as solution processing of asprepared nanoparticle colloids into thin film devices. Owing to these advantages, deployment of colloidal NCs for practical applications has been actively explored in the past decade through the development of novel NC-based materials that potentially can reduce the cost and simultaneously improve the performance of several important optoelectronic technologies, including lasers, 1À3 solar cells, 4À22 photocatalysts, 23À26 light-emitting diodes (LEDs), 27À34 biolabels, 35À37 thermoelectric elements, 38, 39 field-effect transistors, 40À45 magnetic doping, 46, 47 and memory elements.
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One of the main challenges concerning the development of NC-based device applications is the ability to couple colloidal nanoparticles onto a substrate. Since inorganic NCs are fabricated in solutions, their surfaces retain a layer of organic ligands, which renders the nanoparticle soluble and simultaneously serves as a protective barrier between electrical charges in NCs and their external environment. The presence of such an organic shell prevents an efficient coupling of colloidal NCs to a substrate material, which is a crucial step in the development of many device applications spanning the areas of photovoltaics, photocatalysis, and solid state lighting. For instance, the coupling of NCs onto TiO 2 substrates in NCsensitized solar cells is often mediated by introducing organic linkers, 17 ,53À56 which results in an unwanted reduction of the charge transfer rate, and ensuing decline in the device performance. Meanwhile, ligand-free growth of semiconductor NCs via SILAR (successive ionic layer adsorption and reaction) or chemical bath deposition (CBD) of the semiconductor material onto TiO 2 18,19,21,57À59 often leads to inferior stability of resulting NCs and wide dispersion of their sizes as compared to organically passivated counterparts. 60 Here we demonstrate a robust and costeffective method for coupling semiconductor NCs onto a substrate, which relies on the direct nucleation and growth of organically passivated NCs onto TiO 2 films submerged in organic solvents. Grown directly from the substrate, these nanocrystals represent a novel type of "surface-bound" quantum dots that form heteroepitaxial relationships with the substrate film to enable an efficient interdomain charge transfer at the NC/substrate interface, meanwhile, being fabricated via hot-injection routes, these NCs exhibit a narrow distribution of diameters, which is critical for controlling the alignment of energy levels at material boundaries. The photovoltaic performance of fabricated NC/substrate films was demonstrated here by incorporating indiumÀtin-oxide (ITO)-supported nanocrystal/substrate PbS/TiO 2 composites into solidtype NC-sensitized solar cell architecture.
From the synthetic standpoint, the present method modifies the traditional strategy for growing semiconductor NCs in solutions, to allow a preferential growth of nanocrystals, such as PbX, CdX, and Cu 2 X (X = S, Se, Te) onto a polycrystalline substrate, which is placed into the reaction flask prior to the injection of precursors. While in this work, a PbS/TiO 2 nanocrystalÀsub-strate combination was used as a model system along with experimental demonstration of a few other material systems, including PbX/TiO 2 (X = Se, Te), CdS/TiO 2 , and Cu 2 S/TiO 2 , it is anticipated that, based on the similarity of synthetic methods between substrate-bound and isolated colloidal NC/oxide heterostructures, the reported technique could also be extended to other combinations of materials simply by adapting the existing synthetic protocols that were reported previously for the respective colloidal heterostructures.
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RESULTS AND DISCUSSION
The general strategy for growing colloidal nanocrystals onto a substrate via hot-injection routes is based on a two-step procedure, which includes sintering of the film and the subsequent growth of NCs onto a developed substrate via injection of organometallic precursors. In this work, a mesoporous oxide film was prepared either from commercial or homemade TiO 2 nanoparticle pastes by sintering its suspension onto an ITO covered glass at 450À500°C for 1 h. After cooling, the TiO 2 substrate was attached to a metal wire and placed into a three-neck flask containing a degassed mixture of oleylamine and oleic acid. To avoid scratching of the film due to stirring, two identical TiO 2 substrates were coupled together with their blank (glass) surfaces facing outward. This design allowed a free flow of hot reaction solvents near the TiO 2 surface of both substrates without causing any detectable damage to nanoparticle films.
The details of experimental procedures for growing PbX (X = S, Se, Te), CdS, and Cu 2 S NCs on the surface of TiO 2 films are provided in the Methods and Supporting Information Sections. Typically, to fabricate PbS/TiO 2 nanocomposite films, a TiO 2 substrate was lowered into a three-neck flask containing 1 mL of oleylamine (OLAM), and 0.5 mL of oleic acid (OA). The mixture was then heated up to 140À180°C, at which point Pb and S precursors, were simultaneously injected initiating the growth of PbS NCs. After 10À20 min of the growth time, the substrate was pulled out of the solution, and the heating mantle was removed from the flask. To ensure that isolated PbS NCs are completely removed from the sample upon completion of the synthesis, the PbS/TiO 2 film was repeatedly washed with toluene ARTICLE until the changes in its absorption profile became negligible. The absence of isolated nanocrystals was then confirmed using a TEM analysis of random areas sampled from the PbS/TiO 2 film onto a carbon grid.
Typical TEM images of PbS/TiO 2 film fragments in Figure 1 indicate the formation of highly crystalline PbS NCs on the surface of TiO 2 grains. Likewise, growth of PbSe and PbTe NCs on TiO 2 substrates has resulted in the uniform coverage of oxide surface with lead chalcogenide nanoparticles, as shown in Supporting Information Figures SF1 (PbSe) and SF2 (PbTe). Depending on the initial concentrations of injection precursors and the reaction temperature, the average size of PbS NCs could be tuned from 2.5 to 5.0 nm, covering the full range of NC diameters that are expected to produce an efficient photoinduced charge transfer to a TiO 2 acceptor domain (see Figure 5 ). Depending on the specifics of the synthesis, the size dispersion of substrate-bound PbS domains ranged from 6% to 14% (see Figure 3) , which is somewhat broader than the 5À10% range observed for isolated PbS(Se)/TiO 2 heterostructured nanocrystals grown via conventional colloidal routes (Figure 2a) . 74, 75 The crystalline nature of PbS domains was confirmed by the observation of characteristic lattice fringes (Figure 2f ,g) that were indexed to known spacing values of the rock-salt cubic (fcc) crystal phase. Judging by the low density of lattice defects observed in investigated specimens, we conclude that the overall crystal quality of PbS "islands" grown on a TiO 2 substrate is comparable to that of PbS NCs grown on suspended TiO 2 nanoparticles in solutions ( Figure 2a ). The analysis of TEM images in Figures 1aÀd and 2b indicates that both small-and large-diameter PbS NCs appear to be evenly distributed on the surface of oxide grains. Such a growth mechanism has been previously observed for PbS/TiO 2 heterostructures, fabricated via chemical bath deposition (CBD), 20 where the formation of islandlike PbS domains was attributed to the minimization of the PbS/TiO 2 interfacial energy associated with the significant strain between PbS and TiO 2 lattices. Unfortunately, the size-dispersion of PbS NCs could not be controlled within the CBD approach due to the lack of synthetic means for modulating the surface tension of growing PbS domains. In the present method, the use of hot-injection approach enables an additional degree of freedom for controlling the shape of composite nanoparticles, associated with the presence of surface-passivating ligands. These molecules modulate the surface tension of growing crystallites, which allows the accomodation of the misfit-induced interfacial strain between the two semiconductor materials and coercion of the narrow distribution of domain sizes. While the smallest dispersion of PbS diameters was achieved when both NC and oxide domains were dressed with surface ligands (5.1%, Figure 2a ), the substrate-bound deposition of PbS NCs onto ligand-free TiO 2 films has also proven to facilitate a satisfactory control over NC growth, resulting in a modest 6À14% of the size distribution ( Figure 3) . Furthermore, as demonstrated in our previous study on solvent-dispersed PbS/TiO 2 heterostructures, 74 the growth of PbS NCs on TiO 2 is expected to occur at locations of lower interfacial stress, which allows for near-epitaxial relationships at the PbS/TiO 2 boundary and the ensuing low-energy expansion of the PbS lattice. These locations are likely to contain irregularities of the TiO 2 lattice that promote a preferential merging of 001 and 100 faces of anatase TiO 2 and rock-salt PbS crystal lattices (Supporting Information, Figure SF3 ), which otherwise correspond to a substantial 6.9% lattice mismatch. A ligand-induced approach to controlling the shape of PbS domains was employed through a combination ARTICLE of oleic acid (OA) and oleylamine (OLAM) surfactant molecules. By using a binary mixture of stabilizing ligands, we were able to continuously tune the surface tension of growing nanocrystals, which affects the thermodynamic balance between the surface and interfacial energies of PbS nanoparticles, ultimately changing their shapes. Typically, the formation of large diameter PbS NCs (Figures 1d,g ) was favored when the molar ratio of OA (used for the dissolution of Pb precursor) to OLAM was less than 0.6, and the molar ratio of Pb to octadecene (ODE) was 0.4À0.5. On the other hand, if the concentration of OA was high (OA/ OLAM g 1), the growth of large-diameter PbS domains was suppressed, and the formation of small, uniformly distributed PbS domains became dominant (Figures 1b,f) .
While the ligand concentration plays an important role in determining the overall shape of PbS NCs, the effect of other synthetic variables, such as the reaction temperature and the growth time was found to be less significant. According to the statistical distribution of PbS sizes, reflecting different growth conditions (Figure 3 ), the change in the solution temperature from 180 (d) to 280°C (c) produces less than 10% increase in the average NC diameter. Likewise, there is only an 8% enhancement in the size of PbS NCs, when the growth time is increased from 10 to 20 min. Both changes are accompanied by broadening of PbS size distributions, which is consistent with previous studies of isolated PbS NCs showing similar growth kinetics. 76, 77 On the basis of the expected correlation between the nanocrystals size and the amount of coprecursors in the reaction mixture, a possibility of controlling the average diameter of PbS NCs by varying the concentration of lead and sulfur precursors in injection solutions was also investigated. It was found that the growth of PbS NCs was completely suppressed at low precursor concentrations (PbO/octadecene <0.1 M), as was confirmed by the absence of characteristic Bragg lines in the XRD spectra (not shown), and was enabled when the concentration of PbO in octadecene (ODE) exceeded ∼0.23 M. Surprisingly, further increases in the precursor concentration resulted primarily in the increasing density of PbS sites and only minor growth of the average PbS diameter (Figures 3a,d ). Overall, the comparison of different synthetic conditions, summarized in Figure 3 , indicates that ligand-induced control of the NC shape appears to be the most effective mechanism for tuning the diameter of substratebound PbS domains. The lattice structure of PbS domains was further investigated using X-ray powder diffraction (XRD). Figure 4 shows several examples of XRD spectra corresponding to PbS/TiO 2 nanocomposites grown using different synthetic conditions and comprising smalldiameter (d = 3.0 nm, trace a) and large-diameter (d = 4.7 nm, trace c) PbS NCs. In all of the observed spectra, the diffraction patterns contained distinct sets of anatase TiO 2 and rock-salt PbS Bragg peaks, with smallerdiameter PbS NCs having relatively wider line widths, as expected from the Scherrer formula. 78 In the case of 3.0-nm PbS NCs, the measured XRD pattern was found to be similar to the diffraction pattern of PbS/TiO 2 films grown via a 9-cycle CBD method (Figure 4d ), as judged from the comparison of widths and relative intensities of (200) and (220) PbS Bragg lines. This result indicates that 3.0-nm PbS NCs in hot-injection films are nearly identical to those in CBD-grown films both in terms of ARTICLE the average nanoparticle size and the overall crystal quality. On the other hand, the PbS Bragg lines corresponding to 4.7-nm PbS/TiO 2 films (grown at 180°C, Figure 3b ) are narrower and stronger in intensity than those of CBD-grown PbS NCs. Relatively smaller widths of Bragg peaks in trace b indicates that the hotinjection method can enable the growth of PbS NCs with diameters larger than multicycle CBD approach, for which the average size ranges from 2.5 to 3.5 nm. 20 Furthermore, since the ratio of Pb to Ti elements in 3.0-nm PbS/TiO 2 films is the same as in 4.7-nm PbS/TiO 2 , as judged by EDX measurements, the stronger intensity of 200 and 220 PbS Bragg lines observed for 4.7-nm PbS NCs cannot be solely attributed to the increased volume of PbS material in these films, and is believed to result from the improved crystallinity of PbS domains. It is also interesting to note that PbS/TiO 2 films grown at elevated temperatures (T = 280°C) show markedly increased PbS XRD intensities (Figure 3a ) as compared to nanocomposites grown at 180°C (Figure 3b ). Since the average size of PbS domains grown at 280°C is approximately the same as that of NCs grown at 180°C (see Figure 3) , the relative increase of XRD intensities in nanocomposites fabricated at 280°C was attributed to a greater density of PbS NCs on TiO 2 . This hypothesis is also confirmed by EDX measurements showing an increased ratio of Pb to Ti elements in PbS/TiO 2 materials grown at 280°C. To demonstrate the extendibility of the substratebound NC growth to other material system, fabricated PbS/TiO 2 heterostructures were transformed into CdS/ TiO 2 and subsequently a Cu 2 S/TiO 2 system using Pb 2þ fCd 2þ f2Cu þ cation exchange. Remarkably, the overall nanoparticle shape does not change during such transformation, making this technique ideal for template-based synthesis of many semiconductor NCs. 79 We found that the direct exchange of cations in PbS using aqueous solutions of Cu, Zn, and Sn ion salts was not very effective leading to only a miniscule fraction of ions being replaced; however, if Pb cations were first exchanged with Cd via hot-temperature protocols, 80,81 the subsequent Cd 2þ f2Cu þ cation replacement could be performed. Figure 5 shows a few representative TEM images of heterostructured films fabricated from PbS/TiO 2 substrates via cation exchange. The materials were characterized using EDX and XRD to confirm the formation of new crystalline phases, while the shapes of resulting NCs domains were analyzed using HR-TEM images. The size-dispersion of both Cu 2 S and CdS NCs was approximately similar to that of starting PbS NCs, as was expected due to the preservation of NC shapes during cation exchange. The biggest challenge faced at this stage was controlling the stoichiometry of resulting NCs/oxide interfaces, as Pb 2þ cations located at the core of large-diameter NCs (>5 nm) were difficult to replace. It is expected that optoelectronic properties of PbS/ TiO 2 heterostructures are strongly dependent on the average size of PbS domains. According to the excitedstate energy diagram 82, 83 in Figure 6a , photoinduced electron transfer across PbS/TiO 2 interface is energetically allowed only when the diameter of PbS NCs is less ARTICLE than ∼7 nm. In this case, the staggered alignment of conduction and valence band edges at the PbS/TiO 2 interface creates positive exothermicity that drives the electron transfer reaction. Conversely, for PbS nanoparticles with diameters greater than 7 nm, the PbS/ TiO 2 heterostructure exhibits type I alignment of band edges, in which case both excited carriers remain within the PbS material. Different regimes of the band edge alignment in the PbS/TiO 2 system are reflected in optical properties of these films (Figure 6b ). For instance, the absorption profile of PbS/TiO 2 nanocomposites, comprising 3.1-nm (a) and 4.2-nm (b) diameter PbS NCs is characteristic of type II heterostructures with nonzero photon absorption in the spectral range below the band gap of both PbS and TiO 2 materials. In addition to the scattering of light on TiO 2 grains, which contributes an inhomogeneous offset of the absorption curve ( Figure 6b , red curve), the observed infrared component contains a low-energy tail, which is attributed to excitations of intermediate states that exist at the junction of PbS and TiO 2 domains. 68 These transitions are commonly observed in heterostructured nanocrystals exhibiting type II carrier confinement and could be beneficial to both photovoltaic and photocatalytic applications of PbS/TiO 2 nanocomposites, as they red-shift the absorption range of PbS/TiO 2 films by several hundreds of nanometers, compared to isolated PbS NCs. Notably, despite a relatively small dispersion of PbS sizes (<11%) the 1S(e)À1S(h) excitonic peak could not be distinguished in the absorption spectra of PbS/TiO 2 films. The observed suppression of excitonic features in heteroepitaxial semiconductor NCs has been observed previously for ZnSe@CdS, 66 CdTe/ CdSe, 61, 84 and PbSe/TiO 2 74 systems and is believed to arise due to the delocalization of excited carriers across the two domains.
To estimate the potential of fabricated nanocomposite substrates for energy conversion via charge separation process, PbS/TiO 2 films were incorporated as a working electrode into a prototype solar cell, comprising a solid hole-transporting layer. The latter was fabricated by spincoating a thin layer of isolated PbS NCs, interlinked with short 3-mercaptopropionic acid (MPA) ligands on top of a PbS/TiO 2 film using a methodology reported in ref 85 . The effectiveness of such MPA-PbS arrays as a hole conducting medium has been recently demonstrated through a depleted heterojunction (DH) solar cell architecture, where impressive values of PCE, ranging from 3 to 5.1% have been reported. 85, 86 On the basis of the length of MPA molecules, we anticipate that the hole mobility, μ h , of MPAÀPbS films is comparable to that of commonly used 1,2-ethanedithiol (EDT)-interlinked PbS films, 87 for which μ h = 0.028 cm 2 V À1 s À1 were reported. 88 In the present work, we employ a 140À200 nm film of monodisperse, MPA-capped PbS NCs for the regeneration of photoinduced holes in PbS/TiO 2 nanocomposite films, which gives rise to an all-inorganic NC-sensitized solar cell (AI-NCSSC) design. It should be stressed that despite relying on the same hole-conducting layer, the present AI-NCSSC scheme is yet conceptually different from the DH architecture. Indeed, upon illumination of AI-NCSSC cells from the TiO 2 side of the device, most of the light (>90% @ λ = 750 nm, >99% @ λ = 600 nm, Figure 6b ) becomes absorbed by the epitaxially grown PbS domains, leaving only a fraction of the visible incident flux (<1%, for λ < 600 nm) to penetrate into the hole-conducting array of isolated PbS NCs. This percentage is greater for the infrared portion of the solar radiation since the band gap of matrix PbS NCs is smaller than that of TiO 2 -bound nanoparticles. The absorbance spectrum in Figure 6b also indicates that the PbS NC array in a AI-NCSSC configuration functions primarily as a hole conductor and not the light absorber component (since the light is mostly absorbed by the sensitizer), which allows a reduction of the thickness of the PbS array layer relative to that of a DH cell architecture. A thinner NC matrix should result in a decreased probability of hole trapping at unpassivated surfaces of PbS NCs, potentially enhancing the short circuit current of the device. The schematics of fabricated AI-NCSSC solar cells utilizing PbS/TiO 2 nanocomposites are shown in Figure 7a . Prior to the deposition of the TiO 2 paste, ITO slides were treated with TiCl 4 to form a dense oxide film that served as a hole-blocking layer. The hole-conducting layer was made of monodisperse 4.4-nm PbS NCs Au/Pd contacts were sputtered on top of a PbS holeconducting layer through a shadow mask. Figure 8 shows the incident-photon-to-electron conversion efficiency (IPCE) and JÀV response of the bestperforming AI-NCSSC cell comprising ∼3.3-nm PbS sensitizer NCs and fabricated using the above-mention procedure (ITO/PbS/TiO 2 /4.4 nm-PbS/Au/Pd). The measured IPCE curve resembles the absorption profile of PbS/TiO 2 films (Figure 6b ) in the short-wavelength range (350 nm < λ < 520 nm), reaching the maximum of 29% (λ = 585 nm) and tails off at λ > 1100 nm, where the quantum efficiency drops below 10%. The decrease of the photocurrent at longer wavelengths can be partly attributed to the existence of an activation energy threshold at the PbS/TiO 2 interface, which decreases the rate of photoinduced electron transfer for low energy electrons. Using the AM1.5 JÀV curve of the best-performing device, we have determined the fill factor (FF) to be 0.33, which corresponds to the PCE value of 1.21%. Remarkably, the measured PCE is comparable or greater than the best reported PCE values of NC-sensitized solar cells (0.8À1.25%), 20 fabricated via conventional CBD growth of the PbS sensitizer. On the other hand, it is still lower than the efficiency of depleted-heterojunction devices reported in ref 85 . Nevertheless, due to the distinct advantages offered by the demonstrated substrate-bound NC growth and ensuing cell design (thinner hole-conducting layer and all-inorganic, epitaxial heterojunction) we anticipate that the optimized device, emerging as a result of the future work, will show improved characteristics.
The effect of the nanocrystal size on the efficiency of AI-NCSSC solar cells is illustrated in Figure 9 . In these experiments, AI-NCSSC cells were prepared using three different PbS/TiO 2 working electrode morphologies, comprising 2.8, 3.5, and 4.8 nm PbS NCs, and were subsequently used to measure the corresponding JÀV curves. The average size of isolated PbS NCs within a hole-conducting layer was maintained at d = 4.4 nm for all three devices. According to Figure 9 , the best efficiency was obtained for films with 3.5 nm PbS NCs, indicating that a relatively weak absorption of these NCs in the red portion of the solar spectrum is partly compensated by the optimally positioned edge of the valence band (Figure 6a) , which allows for an efficient injection of photoinduced holes into 4.4 nm PbS NCs of the hole-conducting layer. 89 On the other hand, when the size of epitaxial PbS NCs exceeded the diameter of isolated PbS NCs in the matrix (d = 4.8 nm, green curve), the injection of photoinduced holes into the PbS NC array became suppressed, and the efficiency of the cell dropped to 0.11%, despite a significant overlap of NC absorption and solar emission spectral profiles in this case. In principle, it should be possible to achieve greater efficiencies with large-size PbS NCs on TiO 2 , provided that the hole-conducting layer is made of isolated NCs with even larger diameters. Finally, in the case of 2.8 nm epitaxial PbS NCs, the relatively low efficiency (PCE = 0.17%) is explained due to relatively poor absorption of the NCs across the solar spectrum, and nonoptimal alignment of valence band edges with the hole-conducting layer. Figure 10a describes the relationship between the efficiency of AI-NCSSC cells and the thickness of the PbS hole-conducting layer. As was mentioned above, AI-NCSSC design employs such layers primarily as a charge-transporting component, which does not contribute significantly into the absorption of light. Therefore, the thickness of the PbS matrix can potentially be reduced relative to that of DH architecture. This hypothesis is supported by measurements summarized 
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in Figure 10 , showing that the maximum performance of an AI-NCSSC device is realized after approximately 8 deposition cycles, involving sequential steps of NC spin-coating and MPA interlinking, while the average number of deposition cycles determined for a DH cell using the same concentration of PbS inks is 12.
The analysis in Figure 10a identifies some of the issues limiting the performance of fabricated AI-NCSSC devices. On one hand, the deposition of too few layers of the PbS matrix in a AI-NCSSC cell results in a lower fill factor, which, judging by the constant slope of the JÀV curve leads to a low shunt resistance of the cell assembly. On the other hand, the deposition of too many PbS layers increases the in-series resistance of the cell, as manifested by the lower value of I SC and the corresponding change of the JÀV slope at the yintercept. Furthermore, according to the JÀV profile of the best performing cell (Figure 8b ), exhibiting nearly constant ΔJ/ΔV value across the V axis, the negative effect of the low shunt resistance cannot be effectively reduced by increasing the number of PbS deposition cycles as this would enhance the in-series resistance of the cell (see Figure 10a) . Consequently, the competition of the two above-mentioned contributions into the cell resistance results in lower values of FF in fabricated devices. Further research aimed toward the improvement of the hole-conducting layer may be needed to address these limitations. Finally, in regard to the effect of the TiO 2 film morphology on cell performance, we have compared the JÀV curves of the two AI-NCSSC cells comprising homemade, transparent TiO 2 paste, and commercial TiO 2 nanoparticle paste from Degussa (Figure 10b) . In all of the performed experiments, Degussa TiO 2 -based PbS/ TiO 2 films yielded consistently better FF and PCE values.
CONCLUSIONS
In summary, we have developed a simple chemical method for coupling colloidal NCs on TiO 2 substrate films via hot-injection routes. The reported technique is enabled by introducing a thin layer of substratebound oxide into the reaction flask prior to the injection of organometallic precursors, which leads to the formation of NC/TiO 2 nanocomposites exhibiting a fully inorganic interface between semiconductor and oxide domains. Using a PbS/TiO 2 material combination as a model system, we demonstrate that the reported substrate-bound NC growth technique results in a narrow distribution of NC sizes and good crystalline quality, which compares favorably to NCs fabricated on TiO 2 substrates via traditional SILAR or CBD methods. The extendibility of the present method to other material systems is demonstrated here through the synthesis of lead, cadmium, and copper chalcogenide NCs on TiO 2 substrates. The light-harvesting performance of fabricated PbS/substrate composites was demonstrated by constructing prototype solar cells, for which the maximum power conversion efficiency of 1.2% was observed.
From the synthetic standpoint, the present method of growing semiconductor NCs in a substrate-bound form provides a facile strategy for achieving an efficient electronic coupling between colloidally grown NCs and the substrate material. We anticipate that this approach can be extended to other nanocrystal/substrate material combinations, thus opening new opportunities for the development of heterostructured films from solutions to be used in new-generation photovoltaic, photocatalytic, and light-emitting devices. ARTICLE Aldrich), toluene (anhydrous, 99.8% Aldrich), isopropyl alcohol (anhydrous, 99.8% Acros), octane (anhydrous, 99% Aldrich), 3-mercaptopropionic acid (3-MPA, 99% Alfa Aesar), bis-(trimethylsilyl) sulfide (TMS, Aldrich, synthetic grade), trin-octylphosphine (97%, Strem), and Triton X-100 (Alfa Aesar) were used as received without any further purification. Regular acetone was distilled before using, and all reactions were performed under argon atmosphere using the standard Schlenk technique. ITO glass (TEC 15, 12À14 Ohm/sq) was obtained from Pilkington Glass.
METHODS
Materials
Preparation of TiO 2 films on ITO/Glass. ITO glass was cut into 1 cm Â 2.5 cm slides so that it could be inserted into a 14/20 size three-neck flask. The ITO substrate was first cleaned with toluene and subsequently sonicated in a 2% solution of triton in deionized water for 10 min and then in a mixture of isopropyl alcohol and deionized water for an additional 10 min and finally dried. TiO 2 paste was made by sonicating a mixture of 1.75 g of TiO 2 nanoparticles (Degussa, P25) and 7.5 mL ethanol for 40 min. Subsequently, 0.25 mL of titanium tetraisopropoxide was added, and the mixture was sonicated further to form a homogeneous paste. Transparent TiO 2 paste was prepared according to the procedure in ref 90 . A TiO 2 paste was doctorbladed onto ITO-coated glass surface and sintered at 450°C for 30 min to allow good electronic conduction. For the growth of PbS NCs onto the film, two TiO 2 /ITO glass slides were attached facing each other (1 mm spacer was used), which allowed reactants to flow across film surfaces, while preventing any scratching of the film due to stirring.
Preparation of Injection Precursors. For the growth of PbS NCs, the lead precursor was prepared by dissolving 1.6 g (7. 
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Growth of PbS, PbSe, and PbTe NCs on a TiO 2 Film. A 2.85 g portion of OLAM was degassed in a three-neck 50-ml flask at 120°C for half an hour, at which point the flask was switched to argon and the reaction mixture was allowed to cool to room temperature. At this stage, a substrate with TiO 2 films was carefully inserted into the flask and the temperature was raised to 180°C. To initiate the growth of PbS NCs, lead oleate (at 180°C) and sulfur (at room temperature) were injected quickly. After the temperature recovered to 180°C (2 min), the flask was heated for an additional 8À17 min and subsequently raised from the mantle. To ensure that isolated PbS NCs are completely removed from the sample upon completion of the synthesis, the PbS/TiO 2 film was repeatedly washed with toluene until the changes in its absorption profile became negligible. PbSe and PbTe NCs were grown using the same procedure by injecting respective precursors.
Synthesis of CdS/PbS and Cu 2 S/PbS. To initiate the Pb 2þ f Cd 2þ cation exchange in fabricated PbS/TiO 2 films, substrates were lowered into a cadmium stock solution prepared by dissolving 1 g of CdO in 6 mL of OA and 15 mL of ODE. The exchange proceeded at 120À140°C for 15À20 min, upon which the substrate was removed from the flask and washed with toluene. CdS/TiO 2 films were subsequently converted to Cu 2 S/TiO 2 using the previously described room-temperature addition of new cations. 92 In a typical reaction, the ion exchange stock solution was prepared by dissolving 10 mg of tetrakis(acetonitrile)-copper(I) hexafluorophosphate [MeCN] 4 Cu I PF 6 in 2 mL of 1:1 methanol/toluene solvent mixture. The CdS/TiO 2 film was treated with the ion exchange stock solution through drop by drop addition of the latter to a spinning substrate. The cation replacement could be visibly confirmed through the change in the color of the film from yellow to brown. Cleaning of the substrate was done in methanol.
Synthesis of Isolated PbS NCs for a Hole-Conducting Layer. PbS NCs were fabricated according to a procedure adapted from ref 76 . In a typical synthesis, a mixture of 0.45 g PbO, 14 .04 g ODE, and 1.34 g OA was degassed in a three-neck flask at 120°C for 5 h and switched to argon. In the other flask, 10 mL of ODE was degassed for 2 h at 120°C and allowed to cool down to room temperature, then 0.18 g of TMS was added carefully into the flask containing ODE and the resulting TMS/ODE mixture was injected into the Pb precursor solution at 120°C, while stirring. The color of the mixture immediately turned black. After 1À2 min, the reaction was quenched by removing the flask from the heating mantle and placing it in ice-cold water. One minute of the growth time generally yielded PbS NCs with 4.0À4.4 nm diameter. The NC mixture was cleaned by precipitating the reaction product with 60 mL of acetone and redissolving the precipitate in toluene. The mixture was precipitated again using 20 mL of acetone and finally redissolved in 2 mL of octane to make a stock solution. The required concentration of PbS NCs was obtained by diluting the stock solution with octane.
Deposition of the Hole-Conducting Layer and Au/Pd Counter Electrodes. Before the deposition of the hole-conducting layer, a PbS/TiO 2 nanocomposite film was treated with 5 drops of 3-MPA twice, followed by washing with 10 drops of methanol and octane each. The hole-conducting matrix of PbS NCs was deposited layer by layer via sequential cycles of spin coating of PbS NCs and 3-MPA at 1500 rpm, according to ref 85 . Briefly, 4 drops of 37 mg/mL PbS NCs in octane, 5 drops 3-MPA and methanol (1:9), 10 drops of anhydrous methanol, and 10 drops of anhydrous octane were added sequentially on each cycle without stopping the substrate. The number of cycles that optimizes the solar cell performance was eight. Finally, to complete the cell assembly, 15 nm of goldÀpalladium (AuÀPd, 40/60) counter electrodes were coated on top of the film using Polaron E500 sputter, which was equipped with a 2-mm diameter shadow mask generating eight pixels in each device.
Characterization. Absorbance spectra were recorded using CARY 50 scan and Simadzu UV-3600 UVÀvisÀNIR spectrophotometers. High-resolution transmission electron microscopy (HR-TEM) measurements were carried out using JEOL 3011UHR and 2010 transmission electron microscopes, operated at 300 and 200 kV, respectively. To prepare a TEM sample, a small amount of PbS/TiO 2 nanocomposite film was scraped, dispersed in toluene by sonication, dropped onto a carboncoated copper grid, and allowed to dry in air. X-ray powder diffraction (XRD) measurements were carried out on a Scintag XDS-2000 X-ray powder diffractometer. Energy dispersive X-ray (EDX) emission spectra were measured using an EDAX X-ray detector located inside the Inspect scanning electron microscope (SEM). The electron beam was accelerated at 10 kV. CurrentÀvoltage characteristics were performed under AM 1.5 G (100 mW/cm 2 ) solar simulator using IÀV data acquisition system from PV Measurements, Inc., while, the incident photon to charge carrier efficiency (IPCE) was measured using a homebuild system comprising a xenon lamp, a CM110 1/8 m monochromator, and a SR-830 lock-in amplifier.
